NASALTECHNICAL TRANSLATION ' NASA TT F-15,514

STUDIES OF THE UTILIZATION OF WIND ENERGY:
THE USE OF DC GENERATOR/MERCURY-VAPOR INVERTER SETS
CONNECTED TO AC NETWORKS

Antonine Asta

(NASA-TT-F-15514) STUDIES OF THE  N74=21679
DTILIZATION OF WIKD ENERGY: THE USE OF

dc GENERATOR/MERCURY~VYAPOR INVERTER SETS

CONNECTED TO ac RETWORKKS ({(Kanner {(Leo) Unclas
dssociates) _ 14 p HC ' .. €SCL 10C 63,03 36996 _

Translation of "Ricerche sulla utilizzazione dell'energia del
vento: Uso di gruppl generatore a.corrente continua - inverti-
tore a vapore di mercurio, connessi con reti a corrente
alternata,” La Ricerca Scientifica, No. 1-2, January-February
1950, pp. 53-59

RECEIVED
NASA STI FACILITY
INPUT BRANCH

" Repoduced by 7
NATIONAL TECHNICAL T TR (G
INFORMATION SERVICE | BRI(ES cunlECl U Cihalas

U carnaiiod, V. 3T

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON,. D.C. 20546 APRIL 1974



STANMDARD TITLE PAGE

1. Report Na. 2. Government Accassion Neo. 3. Racipient's Catalog No.

NASA TT F-15,514

4. Titl and Subtitle STUDIES THE UTILIZ_ATION OF WIND 5. Report Date .
ENERGY: THE USE OF DC GENERATOR/MERCURY -VAPOR April 1974

INVERTER SETS! CONNECTED TO AC NETWORKS 6. Parfarming Organization Code
7. Author{s) 8. Perfarming Qrganizotion Report Ne.
Antoninc Asta, Electrotechnical
Institute of the Rome Engineering 10. Wark Unit No,
Faculty
Performing Organization Nome and Addrass ”I\-IACSC'“"GE a’acfﬂ' Ne:
Leo Kanner Associates, P.0Q. Box 5187, Lk -
Redwood Clty , California 9“063 13. Type of Report and Paricd Covered
1 Translation
12. Sponsoring Agency Name and Address
NATIONAL AERONAUTICS AND SPACE ADMINIS- e s — Cod
TRATION, WASHINGTON, D.C. 20546 © Sponsering fgency tode

jtore a vapore dl mercurio, connessi con reti a corrente

15. Supplementary Notes

Translation of "Ricerche sulla utilizzazione dell'energia del
vento: Uso di gruppil generatore a corrente continua - inverti-

alternata," La Ricerca Scientifica, No. 1-2, January-February
1950, pp. 53-59. :

16. Abstract

Different types of electrical generators are reviewed that
can be used with wind energy. A set 1s described that 1is
comprised of a generator supplied by a suitable type of
excltation and a mercury-vapor inverter capable of incor-
poration in a three-phase network with constant voltage and
frequency, provided with reservoirs, with power.t h a .t
is transmltted -~ for any wind veloclty -- by a fixed-pitch
alr motor without a speed regulator. Experimental results
obtained with such a set are reported.

17, Key Words (Setected by Author(s)) 18, Disnibution Statement

Uneclassified - Unlimited

19. Security Classif. (of this report) 20, Security Claasif. {of this page) 2). No. of Pages 22-"-Frl"eo'.."'

Unclassified Unclassified 14 400

!

NASA-HQ



STUDIES OF THE UTILIZATION OF WIND ENERGY:
THE USE OF DC GENERATOR/MERCURY~-VAPCR INVERTER SETS
CONNECTED TO AC NETWORKS

Antonino Asta
Electrotechnical Institute of the Rome Engilneering Faculty

1. Different Types of Generator Sets for the Utilization of /53%
- Wind Energy - ' _

The utllizgtion of wind energy through production of electrical
enengy‘can be applied to ac or dc generator sets. The first
hecessarily feed local networks, in general independent of other
_generators; by means of electrical accumulators, they allow the
sScheduled energy requirements to be adjusted to an irregular and
discontinuous avallability. However, the presente of accumulators
in a production plant increases the installation costs and adds
to the unit cost of the energy produced. The ac generator sets,
however, permit connection to the common distribution networks:
with these, energy accumulation systems can be avoided, since
the accumulation reservoirs of the ac networks theméelves serve
such a purpocse.

All types of ac generators can be used for this purpose;
generator sets can also be utilized that are composed of de¢ machines
and de-ac energy converters. However, among the various types or
sebs: = of generators, some are less suitable than others, due to
the rigid or almost rigid link that exists between their rotation
speed and generatlon frequency, whlch must necessarily coincide
wilth that of the network, and thus remain constant.

The 1deal characterlstic to be required from a generator or
a set composed of more electrical machines can bé gtudied with
reference to the Chdracteristics of the air motor that yield the
law of power-varidtion P as a function of the number of revolutions

¥Numbers in the margin dindicate pagination in thé Toreign text.



s 1
per minute n,-for wind velocltles w, canstant .(Fig. 1). By
varying the wind velocity, the points corresponding to the /54

——

maximum theoretical power P are disposed on a cublc parabola.

If 1t %8 considered that fo?azvery wind veloclty the alr motor
shows a stablilify margin adapted with respect to the point of
maximum theoretical power, which represents the limit of statie
stability of the set, 1t is seen that through this there can be
fixed in the same Cartesian plane P-n of Fig. 1 a curve with a
shape close to that of a cuble parabola, according to which the

alr motor becomes operational. Taking into account the pro-
portionality exlsting between the rotation speed of the air motor
and that of the electrical generator controlled by it, in general,
by an overdrive, the exlstence of an ideal characteristic P-n

is deduced also for the generator; this has the approximate shape
of a cubic parabola. A generator that offers such a characteristic
allows the most simple utilization and incorporation into the
network of the power of the fluld vein at.any«vedocltyuwthat drosses
thevsection described in motion b y the propeller blade, making
use of a fixed-pitch air motor, with no provision for a speed
regulator.

Among the different types of ac generators, the synchronous
and the asynchronous have a characteristic far removed from the
ideal. The former, in plane P-n of Fig. l, have a characteristic
colnciding with a vertical line. The latter, a characteristic
coineciding with a line slightly ineclined with respect to the
vertical, as a consequence of slippage, that increases with an
increase In the power. These generators require the use of
variable-pltch alr motors supplied with speed regulators.

For two wind velocities Wy and Wy the latter greater than the
former, Flg. 1 shows the relative values of P and n, referred to
those values Pp, np, corresponding to a condition assumed to be
normal. TFor velocltles lower than wyg, the P characteristic
contracts, remaining included within that relative to Wy (-
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A typé'of ac generator
that allows a characteristic

‘,'- S n/h“ RN BT 2 4 f".‘ of the ideal type to be
1 ; Sy o obtained is constituted by

_'”:\\\ o X the Schrage machine, studied

recently in thils application

\ .-
\\<\ o [1]. However, it is not

! suited to attain considerable

0 15 2 zsamﬂ
N i ' power, nor is the solution
Fig, 1. Mechanical characteristics of the problem of speed
of an air motor and 1deal charac-
teristic of an electrical generator regulatlion simple; this
set. ‘ regulation is obtained by

the relative displacement
of the two systems of brushes arranged on the commutator.

More convenient is the group composed of an asynchronous
machine in cascade with a commutator. With suitable hookups
and excltations, in plane P-n of Flg. 1. the characteristic of
this set colnecldes with a linerinélined with respect to the
vertical (rotation speed increasing with power increase), and it
can come very close to the trunk of the ideal parabolic charac-
teristic in 'question.

Another set that was also studied for thils purpose 1s one
composed of a synchronous generator and a mercury-vapor frequency
converter. The converter adapts the varlable frequency of the
generator, moved at variable speed by the alr motor, to the
constant freduency of the network.

Finally, still within the scope of ;. .allowing a variable
generator speed, but with a constant frequency (and voltage) of
the three-phase network, there can be recourse to sets composed /55

of sultably excited dc generators and de-~ac converhers., The
converter can be rotary, comprisedoof a dc motor and a synchronous



generator: by a sultable choice of the type of excltation of
the two dec machines, the desired 1ldeal characteristic can be
obtained [2].

More simply, a mercury-vapor converter can be used that
cperates from an inverter, across which the de machine is
connected with a three-phase network, kept at constant voltage
and frequency by the synchronous machinery. The characteiistic
of the set can come very close to the parabolic ideal by exciting
the generator 1n such a way that the characteristic of its voltage
as a function of rotatlon speed assumes a suitable shape when
linked to that of the current-voltage characteristie of the
inverter.

The composition of such a generator set and the results that
can be obtained from it by moving it at however variable a
speed have been studied theoretically and experimentally at IEN,
Turin, on the rotary machines of this Institute and on a mercury-
vaper converter with a glass bulb, property of the CNR, acquired
about 10 years ago and designed for tests on these types of
converters. The results obtalned were positive, and they show
that the sef in question can be used convenilently for the proposed
purpose.2

2. Composition and Behavior of the Set.

. A type of voltage/rotatlon speed characteristic of the

2The author is grateful to the CNR which, at the suggestion of Prof.
Luigl Lombardi, entrusted the converter in question (acquired in
1937) first to Prof. Lombardl himself and later to the writer in
order to carry out tests on hls mercury-vapor converters; these
tests, suspended during the war and the postwar period, have now
been resumed, beginning with those referred to. Hearty thanks

are also due to Prof. Vallauri for having consented to carry outnat
the TEN in Turin the experliments in question, and for making
available the rotary machlnes and necessary apparatus; and also to
the colleagues at the IEN, particularly Prof. Carrer, for his

kind help.
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sort necessary can be obtained for the generator in the diagram

in Fig. 2, in which the excitation -~ independent and multiple ~- is
glven by a .metadyne E and an auxlllary generator e. The voltage

vy that supplies the excltatlon to the exciters e, E is constant.

A similar diagram, without excitation winding S and the
auxliliary exciter generator e was studied by Profu:iCarreri[3]
in order to obtain an ldeally constant emf by varying the rotation
speed of the group within wide limits. The addition of supple-
mentary excitation winding S, fed by a small exciter e coaxial with
the generator, with independent
and constant excitation, trans-
forms (as can be seen [4]) the
emf characteristic as a function

of the rotation speed, ideally

coincident with a horizontal

, line, into a characteristic

5.» o that 1s first slowly and then
o more and more rapidly ascending:

Fig. 2. Diagram of the set of at the original terminal of
rotary machines. the emf, which is constant

when saturation of the magnetic
circult is disregarded, a second one is added that is varible with
the quadratic law as a function of the rotation speed of the set,
especlally when 1t is considered apart from the saturation of the

maghetic circult..

In practice, for the varlable reluctance of thils, the law /56
of variation in the emf of the generator, just as in the original
diagram of Prof, Carrer, as well as in that of Fig. 2, undergoes
changes; the emf decreases’withﬁa reduction in rotation speed to
below & certain limit, until it is cancellédlfor'zero rotation
speed. However, the characterilstic comes very close —-- within

wide llmits of variation in the speed -- to the ideal, horizontal,



or first slowly and then more rapldly ascéndlng, with an increase
in the rotation speed itself; in the experimental set, with the
diagram of Fig. 2, these limits are, respectively, 750-800 and
2000-2200 rpm.

Another dilagram can alsoc be adopted in place of that in Fig. 2,
omitting the auxiliary winding W. The emf of the generator proves
to be somewhat more rapidly variable than in the diagram of Fig. 2,
especlally at lower speeds. In toto, the dlagram behaves in a
way that is much the same as that of Fig. 2.

In each case, the voltage at the generator termlnals under
load follows a law analegous to that of the emf. The unldirec-
tional current that the generator delivers toward the inverter is
proportional to the difference between the voltage at the terminals
of the generator itself and that rectified in the 1nverter. Given
the shape of this characteristic at constant frequency and voltage
of the three-phase network with which 1t is connected, for a
constant value of angle o of lag in pelarization of the command
grids (the rectified voltage lncreases approximately linearly,
ascending slowly with an increase 1n the rectified current),
as it is easy fto see3, the current delivered from the generator
toward the inverter increases —-- first slowly, and then more ‘
rapldly -- wilth the increase in rotation speed of the generator.
With sulitable proportioning of the machines! characteristics and
exclitations, 1t 1s possible to make the current supplied by the
~generator follow an ilncrement law such that the corresponding
power supplied‘by the generator to the inverter increases in
tﬁrn as a funection of the rotatioﬁ speed according to a law
close to the desired cubic parabola;

*
A

3see Ref. [1llegible].



" 3.  Experimental Results

The dlagram &n Fig. 2 as well as the simplified diagram
without winding W have been designed and tested experdmentally.
The following machines were used for this purpose:

For generator G, we used a S. (iorgio metadyne of 21 kW,
150-160 V, 2000 rpm, adapted for generator operation, with the
excitation windings indicated in Fig. 2.

For prinecipal exciter metadyne E, the regulator of the 8.
Glorgio metadyne was used, transformed into a metadyne and
able to supply at the principal winding R of the generator a
maximum power of 132 W under a voltage of 11 V, at a speed of
about 500 rpm; at higher speeds, the voltage:.and! poweranequired
diminish.

As supplementary exciter e, coupled coaxially with the pre-
viously mentlioned machines, a dec machine was used, constructed
by Marelll, with independent execitation and current that supplies
a voltage of 6.5 V and a power of 260 W at the maximum speed
reached, which is about 2000 rpm«

The set of three machines considered was moved by means of a
dc motor a, with independent excitation, supplied at variable
voltage so as to obtain a speed variatlion between 100 and about
2200 rpm. For voltage v,, there was recourse to accumulators.
The value of Vo most suited tq supply characteristics of the
‘desired shape was about 32 V; the maximum power supplied by the
accumulators in the closed circult is 32V x 14 A = 450 w.

As inverﬁer the mercury-vapor converter of the CNR was used,
to which we referred, designed to operate as a rectifier as well

as aninverter. It l1s of CGE manufacture, provided with a glass -

bulb with six anodes, and w:as used in the two diagrams of three-phase

S~



Y connection —- forked:six-phase and three-phase Y -- dual three-

phase with interphase inverter. The nominal rectified current is
50 A, the maximum rectified voltage a t no-load operation of

the rectifier without angle a of lag in grid-polarizatiohn;:220'V
with the forked six-phase diagram, about 125 V wlth the dual

three~phase with interphase inductor; the transformer three-phase

winding was Y-connected and Joinéd with the urban three-phase

network at 220 V, frequency 50 Hz. For operation of the inverter

in connection with the generator considered, whose voltage is

on the oider of 60-80 V, the angle o« of lag in grid polarization
must be kept equal to 105-107° in the tests with the forked
six-phase diagram, at 116-118°30' in those with the dual three-
phase diagram with interphase inductor.

The tests were carried out by varying the rotation speed of
the set and maintaining the excitatlon anodes of the inverter
commutator constantly lighted. The power delivered by the
generator to the inverter, moderate while the generator voltage
remalns below a certain limit depending on the shape of the
inverter characteristic, begins to increase ever more rapldly
with increase 1in speed. The law of wvariation as a function of
the rotation speed 18 shown by the solid curve in Fig. 3, for
the diagram of the rotary set corresponding to that in Fig. 2,
in which winding W is omitted, with the connection diagram of
the forked six-phase inverter and for an angle of lag in grid
polarization o = 105°. In examining the shape of this curve,
Fig. 3 also shows a cuble parabola (dashed line).

The shaﬁe'of the flrst curve is near enough to that of the
second, within a wide range of variation in the rotation speed
-~ from 750-~800Q to oyer 2000 rpm. The set of rotary machines
and the Inverter Were,ﬁin reality, only adapted to eachi-other:
with a purposely proportioned set, the coincidence should be
better, and the range of varlation 1ln speed in which this

8
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. e —
f h; _ S S S JV—“ ! takes place should also
| ‘/ . be more extensive. Exami-

g f/ : nation of the behavior of

A ;4 | the set and the experimental
s i - ;4' - 1 tests show that both of
G // - N these can be improved with

. ' ' v ] a suitable choice of the
b M Y diagram of the rotary
Vo ,1’/, ] -p machines (the one in Flg. 2

e jaﬁaqulf? 0 amawqﬁé or the one in which winding
Fig. 3. Power delivered by the W is omitted), with suitable
excited generator according to .
the diagram in Fig. 2, with proportioning of the mag-
Winding W omitted, to the o netic circuits and excitation
iggggggiogftﬁiigrgiglziggpggge - cireuits of the different
in grid polarization a = 105°. machines, influencing the
Key: a. rpm < Sy inverter characteristic by

. . means of suitable pro-
portioning of the transformer>aﬂd, especlally, of the anode inductance,
and finally, through the appropriate cholce of the value of the

angle of lag in grid.polardzation, inasmuch as this should be

kept as great &s possible in order to 1lncrease the operating power
factor.

The shapes of the alternating current waves fed by the
mercury-vapor lnverter into the three-phase network are considerably
affected by harmonics, as ls well-known and as several oscillograms
have conflrmed, among others, between the electrical values. At
any rate, the lmportance of the harmonics 1s moderate, while the
network power prevalls ovér that of single sets; nor should the
possibility be forgotten of .compensating the harmonics of the
alternatingucurrents;qonnécted in parallel, among them, most of
the sets arranged withfdifferent connections that dephase the
harmonics from one group to the other.



Apart from this disadvantage, the operation of the set is
completely regular. The tests have shown its stability in the
face of rapld variations in speed transmitted to it, both in
the field of useful operation of the set and around its lower limlt.

The possibillity is also interesting of confreonting the
disadvantages deriving from posslible sharp variatlons in voltage
of the three-phase network. These would determine corresponding
variations in the rectifled voltage of the inverter and modifica-
tions of the power/rotation speed characteristic of the set, which
woulld be the stronger,the closer the voltage values of the
generator and the inverter. This can be avolded by generating
the excitation voltage vy of the two exciters (Fig. 2) by a
mercury-vapor rectifier fed from the same three~phase network,
given the law of proportionality that ylelds the emf of the
generator at Vg This solutlon also has the advantage of
interrupting the generator excitation when voltage in the three-
phase network is lacking and therefore excitation of the inverter
and grid polarization voltage are lacking.

The type of set studied 1s sulted for use and incorporation
into a three~phase network with constant voltage and frequency,
provided with its own reservoirs, without the need of accumulators,
with power supplied for any wind velecity by a fixed-pitch air
motor, and with no provision for a speed regulator.

There are in additlion numerous other types of generator sets,
both ac and dc, that have been studied previously, particularly
recently in Italy. But apart from further types of groups that
might be studled in the future, from the types alréady experimented
with the lmpression is obtained that the problem of utilization
of wind energy qaﬂAbe”cdnsidered to be largely resolved by now,

YSee Ref. [1llegiblel.
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as far as electrical generators are concerned. The same cannot
be said for the aerotechnical part of the problem, especially in
regard to the method of Installing air motors and surveying wind
resources in different regions. 1In regard to the aerotechnical
part of the problem, 1t is to be hoped that other experiments
will be successful in the manner of those few carried out in
different countries, and, in the first place, success 1is hoped
for those that will be initiated 1in Ifaly. Regarding the
problem of aerial surveys, it is to be expected that the
Government will soon furnish a solution.
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